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Intercropping can increase crop N uptake and reduce carbon emissions. However, the effects of straw incorporation and N reduction on N use and carbon emissions in intercropping are still unclear. We explored the mechanism of N uptake, N use efficiency, and CO2 emissions in the wheat-maize-soybean relay strip intercropping system. A two-year field experiment was conducted with two straw managements, i.e., wheat straw incorporation (SI) and straw removal (SR), and four N application levels of soybean, i.e., 60 (N60), 30 (N30), 15 (N15), and 0 kg N ha-1 (N0). We assessed soil properties, CO2 emissions, and characteristics of roots, nodules, and aboveground N uptake of intercropped soybean. Results showed that geometry mean diameter of aggregate, soil porosity, soil total N, and soil urease activity were notably greater in SI than in SR. N input reduced from N60 to N30 did not significantly affect the soil total N content and urease activity in SI. The root length, root surface area, root volume, root biomass, root bleeding intensity, and inorganic N content of bleeding sap were greater in SI than in SR. In the SI, although the root length and surface area peaked at N60, the root biomass and inorganic N content of bleeding sap were insignificant between N60 and N30. The nodule number, nodule dry weight, nodule nitrogenase activity, and nodule nitrogen fixation potential in SI were notably increased compared with SR. The nodule nitrogen fixation potential in SI notably increased with the decrease of N input at the R3 stage, but it peaked in N30 at the R5 stage. On average, the aboveground N uptake and nitrogen recovery efficiency (RE) was notably higher by 43.7% and 76.8% in SI than in SR. SI+N30 achieved the greatest aboveground N uptake and RE. The CO2 emission and accumulated CO2 emission were notably greater in SI than in SR, and the accumulated CO2 emission of SI was the lowest with N30 input. In conclusion, SI+N30 promoted N uptake and utilization efficiency with reduced CO2 emissions during the soybean cropping season. It provides a potential strategy for sustainable agricultural development in intercropping systems.
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Introduction

Food security has become a severe issue with the world’s population and food consumption growth. Modern strengthened agriculture production can meet food security to some degree, while it largely depends on high chemical fertilizer input, e.g., nitrogen (Sinclair and Rufty, 2012). High nitrogen (N) input leads to severe environmental risks, e.g., greenhouse gas emissions, water pollution, and soil acidification (Goldblatt et al., 2009). Sustainable agricultural production management strategies are urgently needed to achieve food security. Intercropping has been recognized as a sustainable agricultural development model globally due to the yield advantages, efficient use of resources, and maintain soil fertility (Nyawade et al., 2019; Du et al., 2020; Fan et al., 2020). The wheat-maize-soybean relay strip intercropping system is a mainly planting pattern in southwestern regions of China. It has the advantages of reducing N fertilizer input, eliminating environmental pollution, and boosting the system yield (Yong et al., 2012; Yong et al., 2015). However, considerable wheat straws were burned or removed, and the overuse of N fertilizer for soybean in the system resulted in resource waste and environmental pollution. Straw incorporation could increase farmland productivity by improving soil properties, e.g., increasing soil organic matter (SOM) and nutrients (Chen et al., 2018; Dong et al., 2018; Ma et al., 2019), enhancing soil aggregates formation (Song et al., 2019; Bu et al., 2020), and optimizing microbial community diversity and composition (Zhao et al., 2016; Cong et al., 2020). Especially, straw incorporation can protect soil from water erosions in areas with heavy rainfall or wind erosions in sandy-sloping farmland (Li et al., 2018). Straw removed from the field can be used for burning or bioenergy due to the unrenewable fossil energy, but reusing crop straw may result in environmental pollution (Zhao et al., 2019). Therefore, straw incorporation provides a potential way to reduce chemical fertilizer input and decrease the risk of environmental pollution (Asten et al., 2005; Ma et al., 2019; Latifmanesh et al., 2020).

The root system is the main organ through which plants use soil nutrients and water. Thus, crop growth and yields affect by proliferating roots in nutrient-enriched regions and increasing soil nutrient uptake (James et al., 2008; Chilundo et al., 2017; Ramamoorthy et al., 2017). To clear the root growth in the soil and the relationship between root, soil structure, and soil nutrients are in favor of increasing grain yield and the efficiency of fertilizer use (Xu et al., 2018; Zheng et al., 2021; Zheng et al., 2022). Agriculture management, e.g., straw incorporation and N application, can improve the structure and function of the root system by regulating soil structure, increasing soil structure stability, and affecting the spatial distribution of soil nutrients (Yu et al., 2017; Xu et al., 2018; Yu et al., 2018). Straw incorporation favors decreasing soil bulk density and increasing soil total porosity, which improves soil ventilation conditions and promotes root penetration in deep soil (Xu et al., 2018). Besides, organic matter in the straw is decomposed and released, which enhances the content of available N, phosphorus, and potassium (Yang et al., 2019). However, the straw decomposition is limited by cereal straws’ high C: N ratio (Shaukat et al., 2011). A reasonable N input balances the C: N ratio and promotes straw decomposition by soil microorganisms (Huang et al., 2019; Li et al., 2021). Moreover, straw incorporation affected the vertical distributions of available nutrients (Yu et al., 2018), which promoted root proliferation. N input can encourage the growth of the root system (Zheng et al., 2022). However, there may be an optimal N rate for root growth, above which root growth may be suppressed. In the ridge film mulching and furrow planting pattern, taproot length, taproot diameter, taproot dry weight, and lateral root mass density of winter oilseed rape peaked at 240 kg N ha-1 when N input ranging from 0 to 300 kg N ha-1 (Gu et al., 2019). The improved root system favors promoting soil N uptake and increasing N use efficiency (Zheng et al., 2021). Xu et al. (2018) found that straw incorporation coupled with low N input can promote root distribution in deep soil, then increase nitrogen partial factor productivity and agronomic nitrogen use efficiency of winter wheat. However, the effects of straw incorporation and reduced N application on crop root growth in the intercropping system are unclear.

The cereal-legume intercropping system has attracted much attention because of legume symbiotic nitrogen fixation (Zhang et al., 2017; Zheng et al., 2022). The nodulation and N fixation of the legume not only meets its own N needs but also provides additional N sources for the soil. The soil N content affects legumes’ nodulation and nitrogen fixation (Zheng et al., 2022). The biological N fixation (BNF) of legumes is promoted by increasing nodulation when soil N is deficient; in contrast, sufficient N resources will suppress the BNF of legumes (Hu et al., 2016). The interspecific competitive use of N between cereal and legumes strengthens legume’s nodulation and N fixation (Li et al., 2001). Although the legume BNF is suppressed by soil compactness (Siczek A, 2011), straw incorporation can promote BNF by alleviating soil compactness and increasing soil porosity (Xu et al., 2018). Moreover, soybean nodulation and N fixation are promoted by reducing N input in the maize-soybean relay strip intercropping system (Du et al., 2020). However, the effects of straw incorporation and reduced N input on the nodulation and N fixation of soybean in the intercropping system are unclear.

Straw incorporation and N application increased crop production and produced adverse environmental effects, e.g., increased carbon dioxide (CO2) emissions (Bhattacharyya et al., 2012; Shao et al., 2014). Then, mitigation of CO2 emissions will be an essential task for the sustainable development of agriculture. Chai et al. (2013) indicated that maize intercropped with rape, pea, and wheat can decrease carbon emissions per unit area compared with monoculture maize in arid irrigation areas. Similarly, wheat-maize intercropping can reduce soil carbon emission in contrast to monoculture maize, and zero tillage with straw mulching has the lowest soil respiration rate Hu et al. (2015). Accordingly, the carbon emission is reduced by 12.4% compared to tillage without straw retention. Zhang et al. (2020) observed that reduction N application significantly decreased CO2 emissions in contrast to conventional N application under the straw incorporation treatment in Huang-Huai-Hai wheat-maize rotation areas of China. Hence, intercropping and N reduction application provides possible ways to reduce carbon emissions. However, the effects of straw incorporation and reduced N input on soil CO2 emissions in intercropping systems are still unclear and need better understood.

Our previous study indicated that maize-soybean relay strip intercropping could increase N uptake by changing spatial root distribution, promoting the BNF of soybean (Zheng et al., 2022). Further, reduced Ninput can enhance BNF by strengthening interspecific competitive use N (Du et al., 2020). However, it is unclear whether or not straw incorporation coupled with reduced N application can improve N uptake and utilization, and the mechanisms of N utilization and environmental effects are still clouded in wheat-maize-soybean relay strip intercropping. We hypothesized that wheat straw incorporation coupled with reduced N application would promote N use in an environment-friendly way by improving soil properties, strengthening soybean root growth and N fixation, and decreasing soil CO2 emissions in the wheat-maize-soybean relay strip intercropping system. The objectives of this study were to (1) clarify the influence of straw incorporation coupled with reduced N application on the soil properties, root growth, nodulation, and N uptake and use efficiency of soybean and (2) evaluate the characteristic of CO2 emissions in the wheat-maize-soybean relay strip intercropping system.



Materials and methods


Site description

The experimental site is located in Renshou County (30°16’N, 104°00’E), Sichuan Province, Southwest China, in the 2018-2019 and 2019-2020 growing seasons. The climate of this region is subtropical monsoon humidity, with an average annual precipitation of 1110.7 mm and a temperature of 17.9°C. The precipitation and temperature during the soybean cropping seasons are shown in supplementary Figure1. The soil in this region is anthrosol with a clay loam texture. The soil organic matter, total N, total P, total K, and pH were 7.85 g kg-1, 0.61 g kg-1, 0.84 g kg-1, 22.66 g kg-1, and 8.21, respectively. The wheat-maize-soybean relay strip intercropping system was the main planting pattern in this region.



Experimental design and field management

The experiment site was set up on a fallow field. A two-factor split-plot experimental design was carried out with three replicates. The main factor was straw management with full straw incorporation (SI) and complete straw removal (SR). The sub-factor was N application rates of intercropped soybean, including conventional N employed by local farmers (N60, 60 kg N ha-1), reduced N by 50% (N30, 30 kg N ha-1), reduced N by 75% (N15, 15 kg N ha-1), and zero N (N0). In the SI treatment, all wheat straw was crushed into pieces (0.05 m) and incorporated into the soil by rotary tillage (about 20 cm depth) after wheat harvest every year. In the SR treatment, all wheat straws were removed from the field, and the crops stubble less than 5 cm in height.

In the wheat-maize-soybean relay strip intercropping system, a wide-narrow row planting was adopted (1.6 m and 0.4 m for wide and narrow rows), and a total ratio of wheat-to-maize-to-soybean rows was 4:2:2. Wheat was planted in the wide rows with row spacings of 0.25 m as a first crop. Then, maize was sown in narrow rows with row spacings of 0.4 m. The distance was 0.425 m between wheat and maize rows. After the wheat harvest, two rows of soybean were sown in the wheat strips with row spacings of 0.4 m, which was 0.6 m between maize and soybean (supplementary Figure 2). The plot size was 5 m × 6 m. The planting density of wheat, maize, and soybean was 2,000,000 plants ha-1, 58,863 plants ha-1, and 117,726 plants ha-1, respectively. The N, P, and K fertilizers were applied as urea (46% N), superphosphate (12% P2O5), and potassium chloride (60% K2O), respectively. N fertilizer for wheat (150 kg N ha-1) and soybean was applied as basal fertilizer, while N for maize was divided into two parts, i.e., 120 kg N ha-1 as basal fertilizer and 120 kg N ha-1 as topdressing. The P and K fertilizers were applied as base fertilizers for each crop, i.e., 36 kg P2O5 ha-1 and 54 kg K2O ha-1 for wheat, 120 kg P2O5 ha-1 and 120 kg K2O ha-1 for maize, and 60 kg P2O5 ha-1 and 52.5 kg K2O ha-1 for soybean. Wheat fertilizers were broadcast in the planting strips and incorporated into the topsoil (20 cm) by a rotary tiller. Maize fertilizers were strip placed in the middle of two maize planting rows at a distance of 20 cm from maize rows. Soybean fertilizers were hole placed at 10 cm from the soybean. The fertilizers for maize and soybean were hand-placed at a depth of 10 cm. In the 2018-2019 growing season, wheat was sown on November 15, 2018 and harvested on May 14, 2019, maize was sown on April 9, 2019 and harvested on July 27, 2019; soybean was sown on June 8, 2019 and harvested on November 3, 2019. In the 2019-2020 growing season, wheat was sown on November 14, 2019 and harvested on May 8, 2020, maize was sown on April 5, 2020 and harvested on July 29, 2020, soybean was sown on June 9, 2020 and harvested on October 28, 2020. The cultivars of wheat (Triticum aestivum L.), maize (Zea mays L.), and soybean (Glycine max L. Merr.) were Zhongkemai-138, Denghai-605, and Nandou-25, respectively.



Sampling and measurement

Soil samples of soybean were collected from each plot at a depth of 0-20 cm using soil anger (2 cm diameter and 20 cm depth) at the fifth trifoliolate stage (V5, July 17, 2019 and July 21, 2020), the beginning seed stage (R5, August 29, 2019 and September 8, 2020), and the full-maturity stage of soybean (R8, November 3, 2019 and October 28, 2020). Three individual samples were collected per plot, then thoroughly mixed and sieved through a 2 mm mesh to remove plant tissues, roots, and rocks. The fresh soil samples were stored at -80°C for the soil urease activity analysis (Zheng et al., 2022). The soil samples were air-dried to investigate the total nitrogen (TN) content (Liu et al., 2021).

Soil samples for soil aggregates and bulk density (BD) assessment were collected after the soybean harvest. Soil clods were collected at 0-20 cm soil depth. Within each plot, five individual soil samples were collected. The fresh soil was gently stripped into 10-12 mm clods along the natural planes of weakness, then air-dried for soil aggregation analysis. Soil aggregate separation was performed according to Guo et al. (2020). Two undisturbed soil cores from each plot at 0-10 cm and 10-20 cm depths with a volume of 100 cm3 were collected for soil BD measurement. Soil samples were oven-dried at 105°C for 24 h, long enough to reach constant weight for weighting and BD calculation (Xu et al., 2018).

Plant samples of soybean were collected at the fifth trifoliolate stage (V5, July 17, 2019 and July 21, 2020), the beginning flowering stage (R1, July 31, 2019 and August 5, 2020), the beginning pod stage (R3, August 15, 2019 and August 24, 2020), the beginning seed stage (R5, August 29, 2019 and September 8, 2020), and the full-maturity stage (R8, November 3, 2019 and October 28, 2020). In each treatment, six soybean plants were cut from the first internode, and the aboveground samples were dried at 85°C to constant weight and weighting, then ground and passed through a 60-mesh sieve (0.25 mm) for plant N content measurement (Zheng et al., 2021). The underground roots use a traditional excavation method to obtain 0.20 m × 0.20 m × 0.20 m soil clods (Zheng et al., 2021). Soybean roots were scanned at a 300 dpi resolution (Epsom expression 10000 XL (Japanese) Co., Ltd). The scanned root images were analyzed using Win-RHIZO™ software (Régent Instruments Inc., Canada). Then the root samples were dried at 85 °C to a constant weight.

Root bleeding sap samples were collected at the beginning-pod stage (R3) and the beginning-seed stage (R5) of soybean. The collection method was modified from Zheng et al. (2021). Namely, soybeans were cut 10 cm above the soil surface. Then, skimmed cotton was put into a self-sealing bag. The weighed self-sealing bag was placed on the soybean stalk and fixed with a rubber band. The bleeding sap in the skimmed cotton was collected and weighed after 12 h (6:00 pm - 6:00 am). The bleeding sap intensity was calculated as bleeding sap weight per plant per 12h (g plant−1 12h−1). The ammonium-N and nitrate-N content of bleeding sap was measured using a Cleverchem Anna Random Access Analyzer (DeChem-Tech.GmbH-Hamburg, Germany).

Nodule samples were collected at the V5, R1, R3, and R5 stages of soybean. In each plot, six representative plants were dug out to investigate the nodules’ number and weight according to the early study (Yong et al., 2018). In 2020, the nodule nitrogenase activity was measured by acetylene reduction assay (C2H2) at the R3 and R5 stages of soybean (Siczek A, 2011). The nodule nitrogen fixation potential was evaluated according to Yong et al. (2018).

To explore the effects of straw incorporation and N application rates on the environment. The soil CO2 emission rate was measured by a soil carbon flux meter (Brooke soilbox-343 portable soil respiration system, Germany) at the V5, R1, R3, R5, and R8 stages of soybean in 2020. The measuring site was set at the interspecific rows between maize and soybean, with a distance of 20 cm from the soybean row.



Calculations and statistics

The soils’ total porosity was evaluated according to soil bulk density and calculated as follows (Yang et al., 2021):



Where P is total soil porosity (%), B is soil bulk density (g cm-3), and S is soil density (2.65 g cm-3).

The soils’ macroaggregate mechanical stability was evaluated using Mean weight diameter (MWD) and Geometry mean diameter (GMD), and calculated as follows (Kihara et al., 2012):





Where Xi is the average diameter of grade i aggregates (mm), and Wi is the mass ratio of grade i aggregates (%).

The N use efficiency (NUE) of different treatments was evaluated using recovery efficiency (RE), and calculated according to Zheng et al. (2021).



Where UN is the aboveground N uptake with N, U0 is the aboveground N uptake without N, and FN is the N application rates, respectively.

The cumulative CO2 emission (CE) was calculated according to Hu et al. (2015)



Where the Fn and Fn+1 were the CO2 emission rate of the n and n+1 sampling times (mg m-2 min-1), Tn and Tn+1 were sampling times of n and n+1(d), 60 and 24 were the conversion of min-1 to d-1, B is the relative molecular mass ratio (C: CO2), and A is warming potential coefficient (1).

Statistical significance was performed with the two-way analysis of variance (ANOVA), and the multiple comparisons were conducted with the least significant difference test (LSD, α=0.05) to determine the differences between individual treatment means. The analyses were performed with SPSS v.22 (IBM Corp., Armon, NY Inc, USA) and Microsoft Excel. SigmaPlot v.14.0 (Systat Software Inc. USA) and Origin 2017 (OriginLab Corporation, USA) were used to draw the figures.




Results


Soil physicochemical properties

As shown in Figure 1, the MWD, GMD, and soil porosity were insignificant among N application rates, but the GMD and soil porosity were notably greater in SI than in SR (Figures 1B, C-E,F). Straw incorporation and N application significantly influenced soil chemical properties (Table 1). The soil TN content and urease activity were markedly higher in SI than in SR under different N application rates at the various growth stages of soybean. Independent with N application rates, the soil TN content was significantly greater by 8.9%~16.7% in SI than in SR at the R8 stage of soybean. There were no significant differences in soil TN content and urease activity between N60 and N30 under the SI treatment at the different growth stages of soybean. But, those were significantly lower in N15 and N0 than in N30 and N60. Compared with N60, the soil TN and urease activity significantly decreased with the decrease of N inputs under the SR treatment at the different growth stages of soybean.




Figure 1 | Soil physical properties of intercropped soybean at full maturity stage. The same lower-case letters indicate insignificant differences under different N application rates (LSD, P>0.05). Data were shown as mean ± S.D. (n=3). The asterisk “*” and “ns” indicate significant differences (P<0.05) and insignificant differences (P>0.05) between straw incorporation and straw removal, respectively. SI, straw incorporation; SR, straw removal; N60, convention N (60 kg N ha-1); N30, reduced N by 50% (30 kg N ha-1); N15, reduced N by 75% (15 kg N ha-1); N0, zero N (0 kg N ha-1). (A), mean weight diameter in 2019; (B) geometry mean diameter in 2019; (C) soil porosity in 2019; (D), mean weight diameter in 2020; (E) geometry mean diameter in 2020; (F) soil porosity in 2020.




Table 1 | Soil chemical properties of intercropped soybean at different growth stages.





Root configuration and root biomass

The root length, surface area, and volume were significantly affected by straw incorporation and N application at the different growth stages of soybean (Tables 2–4). Independent with N application rates, those were significantly higher in SI than in SR at different growth stages of soybean (Tables 2–4). Compared with N60, the root length and surface area were increased in N30 but significantly decreased in N15 and N0 under the SI treatment at the different growth stages of soybean (Tables 2–3). However, the root length and surface area were considerably reduced in N30, N15, and N0 in contrast to N60 under the SR treatment (Tables 2–3). Compared with SR, the root biomass was notably increased in SI (Figure 2). On average, the root biomass of SI significantly increased by 21.6%, 27.4%, 19.9%, and 18.3% compared with SR under the N60, N30, N15, and N0 treatments at the R8 stage (Figures 2E-J). With the decrease of N, although root biomass was insignificant between N60 and N30 in SI, it was significantly decreased in N15 compared with N30. Similarly, root biomass was notably reduced with the decrease of N in SR treatment.


Table 2 | Effects of straw incorporation and nitrogen application on root length of intercropped soybean at different growth stages (cm plant-1).




Table 3 | Effects of straw incorporation and nitrogen application on root surface area of intercropped soybean at different growth stages (cm2 plant-1).




Table 4 | Effects of straw incorporation and nitrogen application on root volume of intercropped soybean at different growth stages (cm3 plant-1).






Figure 2 | Effects of straw incorporation and nitrogen application on root biomass of intercropped soybean at the different growth stages. Different lower-case letters indicate significant differences under different N application rates (LSD, P< 0.05). Data were shown as mean ± S.D. (n=3). The asterisk “*” and “ns” indicate significant differences (P< 0.05) and insignificant differences (P >0.05) between straw incorporation and straw removal, respectively. SI, straw incorporation; SR, straw removal; N60, convention N (60 kg N ha-1); N30, reduced N by 50% (30 kg N ha-1); N15, reduced N by 75% (15 kg N ha-1); N0, zero N (0 kg N ha-1); V5, the fifth trifoliolate stage of soybean; R1, the beginning flowering stage of soybean; R3, the beginning pod stage of soybean; R5, the beginning seed stage of soybean; R8, the full-maturity stage of soybean. (A), root biomass at the V5 stage in 2019; (B), root biomass at the R1 stage in 2019; (C), root biomass at the R3 stage in 2019; (D), root biomass at the R5 stage in 2019; (E), root biomass at the R8 stage in 2019; (F), root biomass at the V5 stage in 2020; (G), root biomass at the R1 stage in 2020; (H), root biomass at the R3 stage in 2020; (I), root biomass at the R5 stage in 2020; (J), root biomass at the R8 stage in 2020.





Root bleeding intensity and inorganic nitrogen content of sap

Straw incorporation and N application significantly affected the root bleeding intensity and inorganic N content of bleeding sap (Figure 3). Compared with SR, the averaged root bleeding intensity in SI was significantly increased by 38.5% at the R3 stage and by 25.8% at the R5 stage, respectively (Figures 3A, B). Compared with N60, no significant differences in root bleeding intensity in N30 were observed under the SI treatment at the R3 stage. However, it significantly decreased in N15 and N0. With the decrease of N, the root bleeding intensity of SR was notably decreased (Figure 3A); in contrast, the highest root bleeding intensity of SI was observed in N30 at the R5 stage (Figure 3B). The averaged ammonium-N and nitrate-N contents of root bleeding sap were significantly greater in SI than in SR, by 49.0% and 86.4%, respectively, at the R3 stage and by 36.5% and 67.0% at the R5 stage (Figures 3C-F). The ammonium-N and nitrate-N contents of bleeding sap in SI showed no significant differences between N60 and N30 (Figures 3C-F). In contrast, those were significantly higher in N60 than in N30 under the SR treatment (Figures 3C-F).




Figure 3 | Effects of straw incorporation and nitrogen application on root bleeding intensity and N content at different growth stages. Different lower-case letters indicate significant differences under different N application rates (LSD, P < 0.05). Data were shown as mean±S.D. (n=3). The asterisk "*" indicate significant differences (P < 0.05) between straw incorporation and straw removal, respectively. SI, straw incorporation; SR, straw removal; N60, convention N (60 kg N ha-1); N30, reduced N by 50% (30 kg N ha-1); N15, reduced N by 75% (15 kg N ha-1); N0, zero N (0 kg N ha-1); V5, the fifth trifoliolate stage of soybean;  R3, the beginning pod stage of soybean; R5, the beginning seed stage of soybean. (A), bleeding intensity of soybean root at the R3 stage; (B), bleeding intensity of soybean root at the R5 stage; (C), content of ammonium-N in bleeding sap at the R3 stage; (D), content of ammonium-N in bleeding sap at the R5 stage; (E), content of nitrate-N in bleeding sap at the R3 stage; (F), content of nitrate -N in bleeding sap at the R5 stage.





Nodule Number and Nodule Dry Weight

Straw incorporation and N application significantly affected the number and dry weight of root nodules at different growth stages of soybean (Figures 4 and 5). Those were markedly greater in SI than in SR under different N application rates at most of the growth stages, except for the V5 stage in 2019. Compared with N60, the number and dry weight of nodules were significantly increased in N30, N15, and N0 under both SI and SR treatments at different growth stages of soybean. With the decrease of N, nodules’ number and dry weight were decreased. The number and dry weight of nodules were greater at the R5 stage than at other stages. On average, the nodules number and dry weight of SI were significantly greater by respectively 11.4%, 12.5%, 12.1%, and 14.5%, 12.7%, 8.8% in N30, N15, and N0 than in N60 at the R5 stage (Figures 4D-H, 5D-H). The nodules number and dry weight of SR were notably increased by 9.3%, 13.3%, and 1.9%, respectively, and by 16.2%, 13.3%, 7.3% (Figures 4D-H, 5D-H). Compared with SR, the number and dry weight of nodules were significantly increased by 10.8%, 13.1%, 9.9%, and 11.0% in SI, respectively, under the N60, N30, N15, and N0 treatments at the R5 stage of soybean (Figures 4D-H, 5D-H).




Figure 4 | Effects of straw incorporation and N application on root nodule number per plant of intercropped soybean at different growth stages. Different lower-case letters indicate significant differences under different N application rates (LSD, P< 0.05). Data were shown as mean ± S.D. (n=3). The asterisk “*” and “ns” indicate significant differences (P< 0.05) and insignificant differences (P >0.05) between straw incorporation and straw removal, respectively. SI, straw incorporation; SR, straw removal; N60, convention N (60 kg N ha-1); N30, reduced N by 50% (30 kg N ha-1); N15, reduced N by 75% (15 kg N ha-1); N0, zero N (0 kg N ha-1); V5, the fifth trifoliolate stage of soybean; R1, the beginning flowering stage of soybean; R3, the beginning pod stage of soybean; R5, the beginning seed stage of soybean. (A), the number of soybean root nodules at the V5 stage in 2019; (B), the number of soybean root nodules at the R1 stage in 2019; (C), the number of soybean root nodules at the R3 stage in 2019; (D), the number of soybean root nodules at the R5 stage in 2019; (E), the number of soybean root nodules at the V5 stage in 2020; (F), the number of soybean root nodules at the R1 stage in 2020; (G), the number of soybean root nodules at the R3 stage in 2020; (H), the number of soybean root nodules at the R5 stage in 2020.






Figure 5 | Effects of straw incorporation and N application on root nodule dry weight of intercropped soybean at different growth stages. Due to the small number of nodules per plant and small nodule diameter at the V5 stage in 2020, the nodule weight was not measured. Different lower-case letters indicate significant differences under different N application rates (LSD, P< 0.05). The asterisk “*” and “ns” indicate significant differences (P< 0.05) and insignificant differences (P >0.05) between straw incorporation and straw removal, respectively. Data were shown as mean ± S.D. (n=3). SI, straw incorporation; SR, straw removal; N60, convention N (60 kg N ha-1); N30, reduced N by 50% (30 kg N ha-1); N15, reduced N by 75% (15 kg N ha-1); N0, zero N (0 kg N ha-1); V5, the fifth trifoliolate stage of soybean; R1, the beginning flowering stage of soybean; R3, the beginning pod stage of soybean; R5, the beginning seed stage of soybean. (A), the dry weight of soybean root nodules at the V5 stage in 2019; (B), the dry weight of soybean root nodules at the R1 stage in 2019; (C), the dry weight of soybean root nodules at the R3 stage in 2019; (D), the dry weight of soybean root nodules at the R5 stage in 2019; (E), the dry weight of soybean root nodules at the V5 stage in 2020; (F), the dry weight of soybean root nodules at the R1 stage in 2020; (G), the dry weight of soybean root nodules at the R3 stage in 2020; (H), the dry weight of soybean root nodules at the R5 stage in 2020.





Nodule nitrogenase activity and nodule nitrogen fixation potential

Nodules’ nitrogenase activity and nitrogen fixation potential were notably affected by straw incorporation and N input at the R3 and R5 stages (Figure 6). Compared with SR, the averaged nitrogenase activity and nitrogen fixation potential of nodules were significantly higher in SI by 7.6%~37.0% and 24.0%~50.3% at the R3 stage (Figures 6A-C) and by 13.0%~181.9% and 25.3%~223.2% at the R5 stage (Figure 6B-D), respectively. The nitrogenase activity and nitrogen fixation potential of nodules were markedly increased in N30, N15, and N0 compared to N60 under both SI and SR treatments at the R3 and R5 stages. Those were significantly increased with the decrease of N input at the R3 stage and significantly decreased at the R5 stage (Figure 6).




Figure 6 | of straw incorporation and N application on nodule nitrogenase activity and nitrogenase fixation potential of intercropped soybean at different growth stages (in 2020). Different lower-case letters indicate significant differences under different N application rates (LSD, P< 0.05). The asterisk “*” indicate significant differences (P< 0.05) between straw incorporation and straw removal. Data were shown as mean ± S.D. (n=3). SI, straw incorporation; SR, straw removal; N60, convention N (60 kg N ha-1); N30, reduced N by 50% (30 kg N ha-1); N15, reduced N by 75% (15 kg N ha-1); N0, zero N (0 kg N ha-1); R3, the beginning pod stage of soybean; R5, the beginning seed stage of soybean. (A), nitrogenase activity of soybean nodules at the R3 stage in 2020; (B), nitrogenase activity of soybean nodules at the R5 stage in 2020; (C), nitrogen fixation potential of soybean nodule per plant at the R3 stage in 2020; (D), nitrogen fixation potential of soybean nodule per plant at the R5 stage in 2020.





Nitrogen uptake and NUE

Compared with SR, the aboveground N uptake per plant in SI was considerably increased during the growing season (Figure 7). On average, the aboveground N uptake in SI was notably greater by 34.1%, 54.8%, 33.2%, and 32.5%, respectively, than in SR under the N60, N30, N15, and N0 treatments (Figure7E-J). Although the aboveground N uptake decreased with the decrease of N in SI and SR, it was insignificant between N60 and N30 in IS. In contrast, the aboveground N uptake was markedly reduced when the N input was lower than 15 kg N ha-1 compared with the N input greater than 30 kg N ha-1. Similarly, straw incorporation and N application significantly influenced RE (Figure 8). Compared with SR, the average RE in SI significantly increased by 44.3%, 109.2%, and 85.7% under the N60, N30, and N15, respectively. The RE in N30 was markedly greater than in N60 under both SI and SR. The RE in N15 remarkably increased in 2019 and significantly decreased in 2020 compared with N60.




Figure 7 | Effects of straw incorporation and nitrogen application on aboveground N-uptake of intercropped soybean at different growth stages. Different lower-case letters indicate significant differences under different N application rates (LSD, P< 0.05). Data were shown as mean ± S.D. (n=3). The asterisk “*” indicates significant differences (P< 0.05) between straw incorporation and straw remove. SI, straw incorporation; SR, straw removal; N60, convention N (60 kg N ha-1); N30, reduced N by 50% (30 kg N ha-1); N15, reduced N by 75% (15 kg N ha-1); N0, zero N (0 kg N ha-1); V5, the fifth trifoliolate stage of soybean; R1, the beginning flowering stage of soybean; R3, the beginning pod stage of soybean; R5, the beginning seed stage of soybean; R8, the full-maturity stage of soybean. (A), aboveground N uptake at the V5 stage in 2019; (B), aboveground N uptake at the R1 stage in 2019; (C), aboveground N uptake at the R3 stage in 2019; (D), aboveground N uptake at the R5 stage in 2019; (E), aboveground N uptake at the R8 stage in 2019; (F), aboveground N uptake at the V5 stage in 2020; (G), aboveground N uptake at the R1 stage in 2020; (H), aboveground N uptake at the R3 stage in 2020; (I), aboveground N uptake at the R5 stage in 2020; (J), aboveground N uptake at the R8 stage in 2020.






Figure 8 | Effects of straw incorporation and nitrogen application on N use efficiency of intercropped soybean at the full-maturity stage. Different lower-case letters indicate significant differences under different N application rates (LSD, P< 0.05). Data were shown as mean ± S.D. (n=3). The asterisk “*” indicates significant differences (P< 0.05) between straw incorporation and straw removal. SI, straw incorporation; SR, straw removal; N60, convention N (60 kg N ha-1); N30, reduced N by 50% (30 kg N ha-1); N15, reduced N by 75% (15 kg N ha-1). (A), the recovery efficiency of soybean in 2019; (B), the recovery efficiency of soybean in 2020.





Carbon dioxide emission

Independent with N input, the soil CO2 emission rate was more remarkable in SI than in SR during the cropping season (Figure 9A). With the decrease of N input, the lowest soil CO2 emission rate was observed in N30 under both SI and SR during the cropping season. The soil CO2 emission rate increased from the V5 stage to the R3 stage and decreased from the R3 stage to the R5 stage (Figure 9A). Similarly, the accumulated CO2 emission was significantly higher in SI than in SR during the cropping season (Figures 9B–E). Compared with SR, the accumulated CO2 emission in SI was notably increased by 43.2%~60.0% from the V5 to R1 stages (Figure 9B), by 18.6%~40.8% from the R1 to R3 stages (Figure 9C), by 8.1%~40.4% from the R3 to R5 stages (Figure 9D), by 28.2%~57.1% from the R5 to R8 stages (Figure 9E), respectively. The lowest accumulated CO2 emission was observed in N30 under both SI and SR treatments (Figures 9B-E).




Figure 9 | Effects of straw incorporation and nitrogen application on soil CO2 emissions properties. Different lower-case letters indicate significant differences under different N application rates (LSD, P< 0.05). Data were shown as mean ± S.D. (n=3). SI, straw incorporation; SR, straw removal; N60, convention N (60 kg N ha-1); N30, reduced N by 50% (30 kg N ha-1); N15, reduced N by 75% (15 kg N ha-1); N0, zero N (0 kg N ha-1); V5, the fifth trifoliolate stage of soybean; R1, the beginning flowering stage of soybean; R3, the beginning pod stage of soybean; R5, the beginning seed stage of soybean; R8, the full-maturity stage of soybean; V5-R1, the growth stage from V5 to R1; R1-R3, the growth stage from R1 to R3; R3-R5, the growth stage from R3 to R5; R5-R8, the growth stage from R5 to R8. The asterisk "*" indicate significant differences (P < 0.05)  between straw incorporation and straw removal. (A), the CO2 emission rate at the different growth stages of soybean; (B), the accumulated CO2 emissions from V5 to R1; (C), the accumulated CO2 emission from R1 to R3; (D), the accumulated CO2 emission from R3 to R5; (E), the accumulated CO2 emission from R5 to R8.






Discussion

Numerous studies have reported that straw incorporation and N application can enhance crops’ N uptake and use efficiency (Baker and Blamey, 1985; Malhi et al., 2011; Xia et al., 2018; Zheng et al., 2021). However, there are also debates. Shan et al. (2012) found that independent of N application rates, the aboveground N uptake and N recovery rates of winter wheat are significantly decreased by straw incorporation in contrast to straw removal. Malunga et al. (2017) reported that the N uptake of intercropped maize is increased by N addition, but the N use efficiency decreased with increasing N input in the maize-legume intercropping. In our present study, the N uptake and recovery efficiency (RE) of soybean in SI was significantly increased in contrast to SR. There was no significant differences in N uptake between N60 and N30 under the straw incorporation treatment. However, it was significantly decreased in N30 in contrast to N60 under the SR treatment. In addition, we found that the averaged RE was significantly increased by 79.7% under the SI treatment in comparison to SR treatment. Compared with N60, the RE in N30 was significantly increased under both SI and SR treatments. However, the RE in N15 was significantly increased in 2019 and significantly decreased in 2020, in contrast to N60. This indicated that the reduced application of excessive N fertilizer is not conducive to the N uptake and utilization of soybean in the wheat-maize-soybean relay strip intercropping system. But, straw incorporation can alleviate the nutrient absorption and yield loss caused by no N application or excessive N reduction. The following aspects regulated the aboveground N uptake increase and intercropped soybean utilization efficiency.

Firstly, the aboveground N uptake increase and intercropped soybean utilization results from the rise of N sources in the soil. In our present study, the soil total N content was significantly higher in SI than in SR under different N application rates during the cropping season. Moreover, soil total N content of SI was insignificant between N60 and N30, but that of SR was remarkably decreased in N30 in contrast to N60. On the one hand, straw incorporation and reduced N application accelerated straw decomposition and promoted the release of nutrients from crop straw by increasing the activity of soil bacteria and fungi (Wang and Bakken, 1997; Moran et al., 2005). On the other hand, the increased soil N content is due to the increased soil urease activity (Zheng et al., 2022). Compared with SR, the soil urease activity was significantly increased in SI. Besides, the highest soil urease activity in SI was obtained in N60 and N30. The increase in urease activity promoted urea hydrolysis and N release.

Secondly, intercropped soybean’s aboveground N uptake and utilization efficiency are related to root growth and absorption capacity (Zheng et al., 2021; Zheng et al., 2022). Root growth affects crop growth, nutrients, and water uptake, and a well-developed fine root system accounts for N uptake and utilization (Zheng et al., 2021). On average, the root biomass of intercropped soybean was significantly increased by 21.8% in SI compared with the SR. This finding is consistent with previous findings (Xu et al., 2018). Crops can increase soil nutrient uptake via root proliferation in nutrient-enriched regions (Chilundo et al., 2017). In our present study, the root length, surface area, and volume of intercropped soybean were significantly greater in SI than in SR. The changed root configuration enhanced the root absorption range of soybean in SI treatment. The optimized root configuration help to efficiently use the potential soil resource, and a higher root surface denotes the high efficiency of acquiring (Zheng et al., 2022). This is probably the reason why N is efficiently used in SI. Xu et al. (2018) found that straw incorporation coupled with low N input can promote root growth and deep root. In our study, the root growth parameters of intercropped soybean, e.g., root length and surface area, were greater in N30 than in N60 under the SI. In contrast, the root length and surface area of SR significantly decreased in N30 compared to N60. The improved root growth and configuration may be due to enhanced soil physical properties. Xu et al. (2018) found that straw incorporation coupled with low N application promoted root proliferation and growth in deep soil by decreasing soil bulk density. In our present study, SI significantly increased the soil macroaggregates’ stability and porosity, but significantly reduced soil bulk density compared with the SR. This increases the soil permeability and the ability of water and fertilizer conservation, which is beneficial to the root growth of intercropped soybean. A well-developed root growth and distribution can promote root uptake capacity (Zheng et al., 2021; Zheng et al., 2022). The root bleeding sap intensity is an important indicator of root activity, and the components of bleeding sap reflect the nutrients of root absorption and transport (Zheng et al., 2021). In our study, we found that the root bleeding intensity of soybean in SI was notably increased compared with SR. Then, the ammonium-N and nitrate-N contents of bleeding sap were significantly increased in SI at the R3 and R5 stages. The ammonium-N and nitrate-N contents of soybean bleeding sap were greater in SI when combined with N input, especially N input exceeding 30 kg N ha-1.

In addition, the increase in aboveground N uptake and utilization efficiency of intercropped soybean is related to soybean nodulation and N fixation (Zheng et al., 2022). Almost half of the N demand in the lifespan for legume growth can be met by biological N2 fixation (BNF) (Salvagiotti et al., 2008). The BNF of legumes not only meets its own growth needs but also provides additional N sources for soil. The BNF of legumes can be inhibited by N application (Hu et al., 2016). The nodulation and N fixation of soybean can be promoted by reducing N input in contrast to conventional N input (Du et al., 2020). With the increase of N input, although the nitrogenase activity and nitrogen fixation potential of soybean nodules were remarkably decreased at the R3 stage, those peaked in N30 at the R5 stage (Figures 6A-C). In contrast, the aboveground N uptake was notably increased with the increase of N input (Figure 7). In maize-soybean intercropping systems, increasing N input will promote maize growth, then strengthen the interspecific competitive use of resources (Zheng et al., 2021). Thus legumes acquire more N from the soil than symbiosis nitrogen fixation due to resource limitation because symbiosis nitrogen fixation is an extremely energy-consuming process (Tjepkema and Winship, 1980). Moreover, we found that the nodule number, nodule dry weight, nodule nitrogenase activity, and nodule N fixation potential of soybean were significantly increased with the decrease of N application rate under both SI and SR treatments. Compared with SR, the nodulation and N fixation capacity of soybean were significantly enhanced by SI. Because competitive use of N between microorganisms and crops will decrease soil N when the straw is incorporated (Wang and Bakken, 1997). Then, the decrease of N content in soybean rhizosphere soil promotes soybean nodulation. Furthermore, Siczek A (2011) indicated that soybean’s nodulation and N fixation ability could be enhanced by reducing soil compactness. Although straw incorporation significantly reduced soil bulk density, the soil macroaggregates stability and porosity notably increased. Finally, it was beneficial to nodulation and N fixation of soybean.

Straw incorporation not only increased N uptake and crop yield but also increased soil carbon emissions (Bhattacharyya et al., 2012; Zhao et al., 2019). In this study, straw incorporation significantly increased soil CO2 emission rates and accumulated CO2 emissions in contrast to straw removal under different N application rates. With the advance of the soybean growth process, the soil CO2 emission rate increased at first and then decreased, and the highest CO2 emission rate was observed in the R3-stage. Straw incorporation promoted soil microorganisms’ activity by increasing soil C and N sources and improving soil physical properties (Li et al., 2018). In addition, the increase in CO2 emission is related to the growth of the root system. This is probably due to the root exudates promoting microbial respiration (Badri and Vivanco, 2009). A previous study indicated that straw incorporation coupled with high N input could increase CO2 flux (Pan et al., 2006). On the contrary, Zhang et al. (2020) found that straw incorporation coupled with reduced N input significantly decreased CO2 emission in contrast to conventional N. Zhou et al. (2021) indicated that reduced N application combined with long-term reduce/zero tillage could significantly decrease soil C emissions. In this study, the soil CO2 emission rates and accumulated CO2 emissions significantly decreased in N30 compared to N60 under the SI treatment.



Conclusions

Our results indicated that the soil GMD of macroaggregates, soil total porosity, soil total N content, and soil urease activity were greater in SI than in SR. However, the soil bulk density in SI significantly decreased. Compared with SR, the root length, root surface area, volume, and biomass of soybean in SI were notably significantly increased. The root length and surface area were greater in N30 than in N60. Furthermore, soybean nodulation and N fixation in SI was markedly higher than in SR. Compared with convention N input, reduced N input significantly increased nodulation and N fixation of soybean. The aboveground N uptake and RE of soybean in SI significantly increased in contrast to SR. The highest RE of soybean was observed in SI with N30 treatment. Besides, the soil CO2 emission rate and accumulated CO2 emissions were significantly higher in SI than in SR. But, those were considerably decreased in N30 in contrast to N60. In conclusion, the increased N uptake and utilization were due to the improved soil properties, root N uptake capacity, and enhanced nodulation and N fixation of soybean. Straw incorporation coupled with 30 kg N ha-1 input was a sustainable strategy in the wheat-maize-soybean relay strip intercropping system. It significantly increases N uptake and utilization of soybean and reduces soil CO2 emissions.
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significant difference (P< 0.05) and insignificant difference (P >0.05), respectively; SI, straw incorporation; SR, straw removal; N60, convention N (60 kg N ha™); N30, reduced N by 50% (30
kg N ha™); N15, reduced N by 75% (15 kg N ha™); N0, zero N (0 kg N ha™); V5, the fifth trifoliolate stage of soybean; R1, the beginning flowering stage of soybean; R3, the beginning pod
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